Introduction
Mitochondria are organelles found in all nucleated human cells and perform several vital biological functions including energy generation, calcium homeostasis, and apoptosis regulation. Mitochondria have 2 membranes, with the inner membrane being folded into cristae. The large surface area of cristae allows the accommodation of electron transport chain (ETC) complexes that generate ATP via oxidative phosphorylation, a process incorporating electron transfer via complexes I to IV and ATP synthesis via complex V. 1 It has been estimated that more than 1000 different mitochondria-localized proteins are needed for the structure and function of normal mitochondria. 2 Mitochondrial DNA (mtDNA) encodes less than 1% of these proteins, whereas the others are encoded by nuclear DNA (nDNA), synthesized in cytoplasm, and imported into mitochondria. 1 Primary mitochondrial diseases result from defects in mtDNA or nDNA genes encoding mitochondrial proteins that result in dysfunctional mitochondria. Mitochondrial dysfunction results in a wide range of cellular perturbations. These include aberrant calcium homeostasis, excessive reactive oxygen species (ROS) production, and dysregulated apoptosis. In addition, such mitochondria are unable to generate sufficient energy to meet the needs of various organs, particularly these with high energy demand, including the nervous system, skeletal and cardiac muscles, kidneys, liver, and endocrine system.
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As a result, mitochondrial diseases are clinically heterogeneous, often involving multiple organs and having variable manifestations. 3 The nervous system is particularly vulnerable because its energy needs are very high. Neurological manifestations in mitochondrial diseases include cognitive impairment, epilepsy, peripheral nephropathy, sensorineural hearing loss, optic atrophy, encephalopathy, dementia, migraine, stroke-like episodes, ataxia, spasticity, chorea, and dementia. 3 Nitric oxide (NO) deficiency can also occur in mitochondrial disorders and contribute to several complications observed in these diseases. 4 NO produced by vascular endothelial cells relaxes vascular smooth muscles, resulting in vasodilation, maintaining patency of small blood vessels and blood flow through microvasculature. 5, 6 Endothelial dysfunction can result from reduction of endothelium-derived vasodilators (particularly NO), or from increase in endothelium-derived contracting factors including endothelin, angiotensin II, and ROS. The resulting imbalance between endothelium-derived relaxing and contracting factors leads to an impairment of endothelium-dependent vasodilation. 7 NO deficiency in mitochondrial diseases can lead to endothelial dysfunction due to inability of vascular endothelium to generate enough NO to maintain adequate vasodilation and blood perfusion. Decreased perfusion in the microvasculature of various tissues can potentially contribute to many complications seen in mitochondrial diseases. In cerebral microvasculature, impaired blood flow can contribute to the pathogenesis of neurological complications such as stroke-like episodes and migraine headaches. Decreased muscular perfusion can contribute to the myopathic manifestations of mitochondrial diseases. 4 Accordingly, individuals with mitochondrial diseases are expected to have endothelial dysfunction that could have important clinical consequences. To provide evidence for endothelial dysfunction in mitochondrial diseases, we undertook to assess endothelial dysfunction in children and adolescents with mitochondrial diseases.
NO is formed from arginine via the enzyme NO synthase, which catalyzes the conversion of arginine to citrulline. Citrulline can be converted back to arginine via argininosuccinate synthase and argininosuccinate lyase. The amino acids arginine and citrulline can restore NO production and therefore could treat NO deficiency-related manifestations of mitochondrial diseases. 4, 8 When NO production in individuals with mitochondrial diseases is enhanced with arginine or citrulline supplementation, endothelial dysfunction might improve because of increased vascular endothelium ability to produce NO. To investigate this theory, we needed to assess endothelial dysfunction before and after arginine or citrulline supplementation. Previous isotope infusion studies in subjects with the mitochondrial disease MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes) demonstrated that citrulline supplementation induced a greater increase in NO synthesis rate than that resulting from arginine supplementation. 9,10 Therefore, it has been suggested that citrulline is a more effective NO precursor than arginine. 9, 10 We assessed that in this study by testing both arginine and citrulline, and comparing their effects on endothelial dysfunction.
Endothelial dysfunction has been classically assessed by the flow-mediated vasodilation (FMD) technique. FMD method uses ultrasound to quantitate the change in brachial artery diameter in response to increased flow after a period of vascular occlusion by a blood pressure cuff. When blood flow is restored, the reperfusion causes mechanical stress which results in endothelial cells releasing NO, leading to vasodilatation. A reduction in such FMD indicates endothelial dysfunction. 11 Although FMD is known to be depressed in subjects with atherosclerosis and coronary artery disease, 12, 13 accurate assessment of FMD has been technically challenging to perform, highly user-dependent, and it requires appropriate training and validation. 14, 15 Peripheral arterial tonometry is a newer method to assess endothelial dysfunction that is easier to apply and less user-dependent, and demonstrates a good correlation with FMD. 16, 17 It measures pulse wave amplitude (PWA) to compute a reactive hyperemic index (RHI). 18 Lower RHI indicates endothelial dysfunction. [19] [20] [21] In this study, we used peripheral arterial tonometry to assess endothelial dysfunction. To the best of our knowledge, this is the first study to assess endothelial dysfunction in mitochondrial diseases using peripheral arterial tonometry methodology. The results of this study provide evidence that children and adolescents with mitochondrial diseases have endothelial dysfunction that improves with arginine or citrulline supplementation.
Subjects and Methods
Nine individuals with mitochondrial diseases were studied. The participants were children and adolescents less than 18 years of age who had multiorgan mitochondrial diseases that were confirmed molecularly by identifying mutations in genes known to be associated with mitochondrial diseases (Table 1) . Nine healthy control individuals less than 18 years of age were also studied. The study was approved by Al Ain Medical District Human Research Ethics Committee (Protocol number 14/69-CRD 343-14). Informed consents were obtained from parents. All methods were performed in accordance with relevant guidelines and regulations.
Baseline endothelial dysfunction was assessed in control individuals. Children and adolescents with mitochondrial diseases had endothelial dysfunction assessment 4 times. The first was at baseline. The second was after intervention: individuals with mitochondrial diseases were randomized to receive either oral arginine or citrulline (500 mg/kg/d if weight <20 kg and 10 g/m 2 body surface area per day if weight ⩾20 kg divided in 3 doses) for 2 weeks after which an assessment of endothelial dysfunction was performed. The third was another baseline: the intervention was discontinued and after a 2-week washout period another baseline endothelial dysfunction assessment was Al Jasmi et al 3 performed. The fourth was a second intervention with the supplement not received previously with another assessment of endothelial dysfunction. Blood samples for plasma amino acid analysis were obtained with each endothelial dysfunction assessment to measure the plasma arginine and citrulline levels.
Endothelial dysfunction was assessed by measuring PWA using the EndoPAT instrument, which uses finger plethysmograph sensors to measure the PWA. Each assessment required 15 minutes: PWA was first measured for 5 minutes, then a pressure cuff on the upper arm was inflated to occlude systolic blood pressure for 5 minutes, and then the cuff was deflated to induce reactive hyperemia and the PWA was re-measured for 5 minutes. The RHI was calculated as the ratio of the average PWA during reactive hyperemia divided by the average PWA during the preocclusion period. Two plethysmograph sensors were placed on the index fingers, one for the measurement and the other was used as a control for concurrent nonendothelial dependent changes in vascular tone. 18 Normal response is characterized by a distinct increase in the PWA after cuff release compared with the preocclusion value. Impairment of hyperemic response and lower RHI indicate endothelial dysfunction. [19] [20] [21] Plasma amino acid concentrations were measured by standard high-performance liquid chromatography (HPLC).
The results of RHI and plasma arginine and citrulline levels were expressed as mean ± SD. The results of the 2 baseline assessments (before arginine and before citrulline supplementation) for individuals with mitochondrial diseases were averaged and compared with the values of the control individuals using the unpaired Student t test. Differences in individuals with mitochondrial diseases before and after arginine or citrulline supplementation were assessed by the paired Student t test. Tests were considered statistically significant if P < .05.
Results
Subjects with mitochondrial diseases ranged from 6 to 17 years (mean: 9.6 years) and controls from 3 to 15 years (mean: 9.4 years). Individuals with mitochondrial diseases had lower body weight and body mass index (BMI) ( Table 2) .
When compared with controls, individuals with mitochondrial diseases had lower baseline RHI (1.02 ± 0.13 vs 1.43 ± 0.49, P < .05) ( Figure 1 ). Baseline plasma arginine and citrulline were also lower in individuals with mitochondrial diseases. The difference in citrulline was statistically significant (22 ± 9 vs 31 ± 11 μmol/L, P < .05), whereas the difference in arginine did not reach a statistically significant level (65 ± 18 vs 81 ± 26 μmol/L, P = .09).
When compared with baseline, RHI averages were higher after arginine or citrulline supplementation in individuals with mitochondrial diseases. With arginine supplementation, RHI increased from 1.04 ± 0.14 to 1.20 ± 0.15 (P < .05). With citrulline supplementation, RHI increased from 1.00 ± 0.15 to 1.18 ± 0.25 (P < .05) ( Figure 2 ). Evaluating individual values revealed that 8 out of 9 individuals with mitochondrial diseases showed increased RHI with arginine supplementation that ranged from 3% to 46% ( Figure 3A ), whereas 7 out of 9 showed increased RHI with citrulline supplementation that ranged from 8% to 55% ( Figure 3B ). Average RHI increased 15% and 19% with arginine and citrulline supplementation, respectively ( Figure 3A and B) . Table 1 . Children with mitochondrial diseases who participated in the study. Abbreviations: BMI, body mass index; NS, not statistically significant.
4

Journal of Central Nervous System Disease
As expected, plasma arginine level increased with arginine supplementation (64 ± 20 → 178 ± 93 μmol/L, P < .05) and citrulline supplementation (66 ± 18 → 200 ± 72 μmol/L, P < .05). Citrulline also increased with arginine supplementation (19 ± 8 → 28 ± 15 μmol/L, P < .05) and citrulline supplementation (24 ± 13 → 161 ± 131 μmol/L, P < .05).
Discussion
The results of this study demonstrate lower RHI in children and adolescents with mitochondrial diseases. Reduced RHI provides evidence for endothelial dysfunction in mitochondrial diseases resulting from reduced NO availability. Several previous studies provided evidence for the occurrence of NO deficiency in mitochondrial diseases. In MELAS, lower concentrations of NO metabolites (nitrite and nitrate) were found during stroke-like episodes. 22 In addition, the NO synthesis rate, measured by stable isotope infusion techniques, was low in adults and children with MELAS who were not experiencing acute stroke-like episodes. 9,10 Furthermore, NO synthase activity was reduced in cytochrome c oxidase (COX)-deficient fibers of muscle biopsies obtained from individuals with variable mitochondrial diseases, including chronic progressive external ophthalmoplegia (CPEO), mitochondrial myopathy, and MELAS syndrome. 23 FMD, which is a function of NO synthesized by endothelial cells in response to reperfusion, was also impaired in individuals with mitochondrial myopathy, MELAS, MERRF (myoclonic epilepsy with ragged red fibers), MIDD (maternally inherited diabetes and deafness), and CPEO, providing further evidence for NO deficiency in mitochondrial diseases. 24, 25 The finding of lower RHI reflecting endothelial dysfunction in this study provides more evidence for NO deficiency in mitochondrial diseases (Figure 1) . Previous studies evaluated different mitochondrial diseases. This study included individuals with other mitochondrial diseases including Alpers, Leigh, MERRF, complex V deficiency, and mitochondrial myopathies ( Table 1 ). Adding evidence for reduced NO availability in these mitochondrial diseases suggests that NO deficiency is not limited to the particular types of mitochondrial diseases studied previously, but is instead a common feature for many mitochondrial disorders.
NO is synthesized from arginine by the enzyme NO synthase which catalyzes the conversion of arginine to NO and citrulline. Citrulline can be converted back to arginine by the combined action of argininosuccinate synthase and argininosuccinate lyase. So both arginine and citrulline act as NO precursors in a wide variety of cells including vascular endothelium. The cause of NO deficiency in mitochondrial disorders is multifactorial due to impaired NO production and postproduction sequestration. 4 Impaired NO production can result from decreased availability of NO precursors arginine and citrulline which has been observed in several mitochondrial diseases. 9, 10, [26] [27] [28] Decreased NO production can also result from impaired NO synthase activity due to ROS overproduction (oxidative stress) resulting from the ETC impairment. Oxidative stress due to mitochondrial dysfunction may also result in increased asymmetric dimethylarginine (ADMA) which is an endogenous inhibitor of NO synthase. 29 Postproduction NO sequestration can occur due to increased COX. Mitochondrial proliferation in endothelial cells in mitochondrial diseases can be associated with increased COX activity, which can react with and thus sequester NO. In addition, oxidative stress can result in decreased NO availability by shunting NO into reactive nitrogen species (RNS) formation. 25 Previous studies demonstrated low plasma arginine and citrulline levels in individuals with different mitochondrial diseases including MELAS and NARP (neurogenic weakness, ataxia, and retinitis pigmentosa). 9, 10, [26] [27] [28] In our study, arginine and citrulline were lower in individuals with different mitochondrial diseases. Therefore, the results of this study provide further evidence for the role of decreased Peripheral arterial tonometry was used in this study to assess endothelial dysfunction in children and adolescents with mitochondrial diseases. This study is the first one to use this novel methodology in mitochondrial diseases. Results do not only provide evidence for endothelial dysfunction in mitochondrial diseases but also demonstrate that arginine and citrulline are capable of alleviating endothelial dysfunction ( Figure 2 ). Because arginine and citrulline are NO precursors, the observed improvement in endothelial dysfunction with these supplements is believed to be due to increased ability to produce NO. This suggestion is further supported by previous isotope infusion studies demonstrating increments in NO synthesis resulting from arginine or citrulline supplementation in individuals with MELAS. 9, 10 Endothelial dysfunction due to impaired NO synthesis resulting in inadequate perfusion can contribute to several complications observed in mitochondrial diseases including stroke-like episodes, myopathy, diabetes, and lactic acidosis. The administration of the NO precursors, arginine and citrulline, could result in increased NO availability and hence may have therapeutic benefits in mitochondrial diseases. 4 Arginine supplementation to individuals with MELAS was shown to result in an improvement in clinical symptoms associated with stroke-like episodes and a decrease in the frequency and severity of these episodes. 26 However, there are no clinical studies evaluating the effect of arginine or citrulline supplementation on other mitochondrial diseases. This study showed increased RHI indicating improved endothelial dysfunction with arginine or citrulline supplementation in children and adolescents with mitochondrial diseases. The improvement in endothelial dysfunction suggests better vasodilation and blood perfusion in microvasculature which could lead to improvement in clinical complications observed in mitochondrial diseases. Therefore, the observed RHI increments with arginine and citrulline provide more support for their potential therapeutic utility in mitochondrial diseases.
Previous isotope infusion studies in subjects with MELAS demonstrated that citrulline supplementation induced a greater increase in NO synthesis rate than that resulting from arginine supplementation. Therefore, it has been suggested that citrulline is a more effective NO precursor than arginine. 9, 10 Although a higher increase in RHI was expected to be associated with citrulline supplementation, the RHI changes were comparable with arginine and citrulline supplementation without any significant differences. Although citrulline supplementation was not associated with higher increase in RHI when compared with arginine, both plasma arginine and citrulline levels showed higher increments with citrulline supplementation. This observation, which indicates a better citrulline bioavailability, was also noticed in previous studies. 9, 10 The average RHI increased with arginine and citrulline supplementation; however, when individual values are evaluated, Table 1 . The average RHI is represented with large dots and thick lines. RHI indicates reactive hyperemic index.
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Journal of Central Nervous System Disease RHI did not increase in 1 child who took arginine and 2 children who took citrulline ( Figure 3A and B) . This observation may indicate that arginine and citrulline are ineffective in a small subset of individuals with mitochondrial diseases. The average RHI increased from 1.04 to 1.20 (15%) with arginine supplementation and from 1.00 to 1.18 (19%) with citrulline supplementation. Even with these supplements, the RHI remains significantly lower than control (1.43). Clinical endpoints were not part of this study; therefore, the clinical significance of this partial correction of RHI is not known. Additional studies to evaluate clinical endpoints are needed to determine the potential clinical benefits of these supplements in mitochondrial diseases. Other potential limitations of this study include small sample size, relatively short duration of supplementation, and the heterogeneity of mitochondrial diseases.
In conclusion, the lower RHI in children and adolescents with mitochondrial diseases provides evidence for endothelial dysfunction due to inadequate NO production in mitochondrial diseases. The improvement in RHI with arginine or citrulline supplementation suggests that NO precursor supplementation can counter endothelial dysfunction through enhancing NO production. These results provide evidence for endothelial dysfunction in mitochondrial diseases and support the potential therapeutic utility of arginine and citrulline in mitochondrial diseases. Additional studies to assess the clinical effects of arginine and citrulline in mitochondrial diseases are needed to assess the clinical benefits of these potential therapeutic options.
